. The overall linkage schemes in these structures are quite different, yet all can be considered layer structures in which relatively weak long Te-O and/or Te-Cl bonds are involved in the linkages between layers. In juabite, a long apical Cu-O bond participates in the linkage between layers and, in poughite and rodalquilarite, hydrogen bonding also links the layers.
Introduction
Tellurium oxysalt minerals are typically found in the oxidized portions of Au-Te ore deposits. In these minerals, Te occurs in 4+ and/or 6+ oxidation states. The tellurate group consists of Te 6+ bonded to six O atoms in octahedral coordination. The tellurite group consists of Te 4+ bonded to O atoms in typically one-sided coordinations. The most common tellurite configuration includes three short bonds to O atoms on one side, creating a pyramid with Te at its apex; however, there are also coordinations in which four and even five O atoms form relatively short bonds to Te 4+ . These one-sided arrangements are attributable to a stereochemically active 6s 2 lone-electron-pair of the Te 4+ , which is positioned on the side opposite to the short Te-O bonds. The Te 4+ coordinations usually include several additional O atoms, at significantly greater distances, on the same side as the lone-electron-pair.
Approximately 50 minerals are either known or presumed to contain tellurite groups and about one third of these also include H as OH and/or H 2 O. Twenty-seven crystal structures of minerals with Te 4+ have been determined and of these only nine have H atoms. Heretofore, H atom positions have not been determined for any mineral structures containing both tellurite groups and H 2 O molecules, although they have been determined for the structure of rodalquilarite, Fe 3+ 2 (Te 4+ O 2 OH) 2 Cl, in which OH is associated with the tellurite groups (Feger et al. 1999 2 O, in which we have been able to determine H atom positions. We also report a new refinement of the structure of rodalquilarite. The determination of the H atom positions can be essential in confirming the assignments of hydrogen bonds, which significantly contribute to the bond-valence balance. In turn, bond-valence analysis is useful in understanding the role of H atoms in Te 4+ coordinations.
Juabite was first described by Roberts et al. (1997) from the Centennial Eureka mine, Juab County, Utah, and its structure (R 1 = 7.3%) was determined by Burns et al. (2000) using a crystal from the same specimen. Gaines (1968) provided the description of poughite from the Moctezuma mine, Sonora, Mexico, and Pertlik (1971) determined its structure (R = 8.2%) using a synthetic crystal. Rodalquilarite was first described by Sierra Lopez et al. (1968) from the Rodalquilar gold deposit, Almería Province, Spain, and Dusausoy and Protas (1969) reported its structure. The rodalquilarite structure (R 1 = 9.2%) was subsequently refined (R 1 = 3.9%) by Feger et al. (1999) using a synthetic crystal. The crystal of juabite used in the present study came from a specimen from the Gold Chain mine, Tintic district, Juab County, Utah, USA, provided by John Dagenais. The crystal of poughite came from a specimen from the Tambo mine, Coquimbo Region, Chile provided by Maurizio Dini. The crystal of rodalquilarite came from a specimen in the collection of the Natural History Museum of Los Angeles County that originated from the Tambo mine, Coquimbo Region, Chile (catalogue #63508). The juabite and poughite specimens are now in the collection of the Natural History Museum of Los Angeles County, deposited under catalogue numbers 63509 and 63510, respectively.
Structure refinements
Single-crystal X-ray diffraction data for all three structure refinements were obtained at 298(2) K on a Rigaku RAxis Rapid II curved imaging plate microdiffractometer utilizing monochromatized MoK α radiation (50 kV, 40 mA). The Rigaku CrystalClear software package was used for processing the structure data, including the application of shape-based and empirical absorption corrections. The starting atomic coordinates for the juabite refinement were taken from the structure determination by Burns et al. (2000) , those for poughite from Pertlik (1971) and those for rodalquilarite (non-hydrogen) from Feger et al. (1999) . SHELXL-97 software (Sheldrick 2008) was used, with neutral atom scattering factors, for the refinement of the structures. Difference Fourier maps revealed the likely locations for all H atoms. The positions of the H atoms were constrained to H-O distances of 0.90(3) Å and H-H distances for water molecules to 1.45(3) Å. The isotropic displacement parameters for hydrogen atoms were held constant at 0.05 Å 2 in the structures of juabite and poughite, but were refined in the structure of rodalquilarite. All sites were assigned full occupancy except for the H6 site in rodalquilarite, which Burns et al. (2000) noted a 20% excess in the occupancy of the Ca site in the juabite structure, our refinement showed no significant excess occupancy for this site.
The details of the data collections and structure refinements are provided in Tab. 1. The final atom coordinates and displacement parameters are listed in Tab. 2. Selected bond distances and angles are given in Tab. 3 and bondvalence analyses in Tab. 4.
Discussion of the crystal structures

General topology
The structures of juabite ( Fig. 1) coordinations and the long apical bond of the Cu4O 5 square pyramid. The hydrogen bonding, described below, occurs within rather than between layers. In poughite, the layers are also parallel to {010}. They are linked to one another via long Te-O bonds, as well as via hydrogen bonding. One interlayer linkage is Te1-OW13-Te2, such that the OW13 can be considered an interlayer water molecule. In rodalquilarite, the layers are parallel to {001} and are linked to one another via weak Te-O and Te-Cl-Te bonds, as well as via an OH6-H6…OH6 hydrogen bond described below. Each of the three minerals has a perfect cleavage parallel to its layer direction.
Good general descriptions of the structures of juabite, poughite and rodalquilarite were provided by Burns et al. (2000) , Pertlik (1971) and Feger et al. (1999) , respectively. Herein, we will focus additional remarks on the Te 4+ coordinations and the hydrogen bonding schemes, and we will examine how they relate to the overall bondvalence balance in each structure.
Te 4+ coordinations
Each of the three structures contains two distinct Te 4+ coordinations and all have one-sided bonding arrangements typical of Te 4+ with stereochemically active lone-pair electrons (Fig. 4) Hydrogen bonds (D = donor, A = acceptor)
Tab. 3 Selected bond distances (Å) and angles (°) for juabite, poughite and rodalquilarite juabite
OH8-H8 0.88(3) 2.58(5) 153(7) 3.391(6) OW15
OW15-H15a 0.88(3) 1.83(4) 165(7) 2.688(6) O13 116(5) OW15-H15b 0.87(3) 2.11(4) 162(7) 2.949(6) O13 OW16-H16a 0.87(3) 2.04(6) 132(6) 2.707(7) O12 113(4) OW16-H16b 0.89(3) 1.84(4) 165(8) 2.709(8) OW15
Note: For the bond averages, the subscripts eq, sh and lg refer to equatorial, short and long bonds, respectively. Brown and Altermatt (1985) ; hydrogen-bond strengths based on H-O bond lengths, also from the same work.
cations with stereochemically active lone-pair electrons (e.g., Pb 2+ ), it is often difficult to decide how far to extend the coordination sphere. Coordination geometry and bond-valence summations (BVS) provide useful guidance in this regard.
In their study of the juabite structure, Burns et al. (2000) only included O atoms at distances of 3.04 Å or less from the Te 4+ , yielding coordinations of 3 + 3 and 3 + 2 (short + long) for Te1 and Te2, respectively. We prefer to extend the coordination sphere when the geometry warrants. Herein, we report the same 3 + 3 coordination for Te1, but extend the coordination of Te2 to include O atoms at distances of 3.374, 3.510 and 3.563 Å, all placed on the same side of Te2 as the presumed lone pair electrons, yielding 3 + 5 coordination. Pertlik (1971) reported 3 + 1 coordinations with maximum Te-O distances of 2.70 Å; however, this was before methods for detailed bond-valence analysis were available. The BVS for Te1 and Te2 based upon their coordinations and bond distances are 3.73 and 4.14 vu (valence units), respectively, although it should be noted that the same coordinations with the bond distances from our refinement of the structure yield 3.99 and 4.08 vu. Indeed, the weakly bonded distant O atoms in Te 4+ coordinations can generally be ignored without much effect on the BVS of the Te 4+ ; however, again for poughite, we think it more realistic to include those O atoms at somewhat greater distances. We herein report 3 + 4 coordinations for Te1 and Te2, with Te 4+ -O distances up to 3.387 Å and BVS of 4.14 and 4.22 vu for Te1 and Te2, respectively.
The Te 4+ coordinations in rodalquilarite include both O and Cl atoms. In both coordinations, the three short bonds are to O atoms. Feger et al. (1999) mistakenly assigned two equivalent Cl atoms to each Te 4+ of the coordinations; however, in fact, there is only one in each case. Neglecting the duplicate atoms, Feger et al. (1999) reported 3 + 3 and 3 + 2 coordinations including one distant Cl atom in each coordination, out to a maximum Te-O distance of 2.963 Å and a maximum Te-Cl distance of 3.113 Å. We prefer to extend the coordination spheres to include anions at up to 3.617 Å from Te 4+ . This yields Te 4+ coordinations of 3 + 5 for both Te1 and Te2 and BVS of 4.11 and 4.14, respectively. Note that we have not included an O4 atom at a distance of 3.507 from Te1 because it is on the same side of the coordination as the three short Te1-O bonds. Even after extending the Te2 coordination to include the Cl at 3.479 Å, the BVS for Cl remains very low at 0.66 vu. This low BVS is probably a consequence of the Cl being placed on the center of symmetry at (0, 0, 0), where its bonds to the six surrounding Te 4+ atoms are constrained to longer than normal lengths: 3.079 (×2), 3.112 (×2) and 3.479 (×2) Å. Similar situations in which an anion constrained to a special position is significantly over-or under-bonded to a cation with stereochemically active lone-pair electrons have been documented (e.g., Kampf et al. 2006; Fleet et al. 2010; Kampf and Housley 2011) .
It is certainly noteworthy that the BVS for Te 4+ in all three structures is significantly high, falling in the fairly narrow range 4.11 to 4.22 vu. We believe that this reflects a need to better determine the bond-valence parameters for Te 4+ . Feger et al. (1999) reported both of the two nonequivalent H atoms in the structure to be bonded to O atoms in the Te 4+ O 3 pyramids. They noted significant residual electron density at the 0; ½; 0 special position (center of symmetry), midway between two O6 atoms (which we refer to as OH6) at distances of 1.267 Å. Assuming this to be a H site, they postulated an unusual O-H-O linkage between two equivalent Te 4+ O 3 pyramids. In our refinement, we did not detect any significant residual at (0, ½, 0). Rather, we noted a residual peak at (0.06, 0.47, 0.03) , at a normal O-H distance of 0.90 Å from one OH6 and a normal H…O hydrogen bond dis- tance of 1.64 Å from the OH6 on the opposite side of the center of symmetry. The equivalent residuals on either side of the center of symmetry are only 0.81 Å apart, so we have interpreted this peak as a half-occupied H site and have refined it as such. The result is that each OH6 atom has one-half O and one-half OH character and the two equivalent Te2 pyramids are linked by the equivalent of one (2 × ½) hydrogen bond (see Fig. 7 ). In addition to participating in this hydrogen bond linkage between the Te2 pyramids, the OH6 also participates as one of the distant coordinating atoms to Te1, at a distance of 2.525 Å. 3.4. Hydrogen bonding Burns et al. (2000) proposed a hydrogen bonding scheme for juabite. The H atom positions determined in our structure refinement confirm most of their proposed hydrogen bonds; however, while they did not assign any hydrogen bond from the H atom of the OH8, we have assigned a weak hydrogen bond to OW15.
H atoms related to
Also, they assigned the hydrogen bonds from the OW15 H atoms to O13 and OW16, while we found that both OW15 H atoms form hydrogen bonds to O13. The bond distances and angles involved are listed in Tab. 3 and the complete hydrogen bonding scheme is shown in Fig. 5 . In the determination of the crystal structure of poughite, Pertlik (1971) did not propose a detailed hydrogen bonding scheme. The determination of H atom positions in our refinement coupled with the methods for bondvalence analysis have allowed us to provide a detailed description of the hydrogen bonding in the poughite structure. The bond distances and angles involved are listed in Tab. 3 and the bonding is shown in Fig. 6 atoms associated with OW1, H1a and H1b, form a single hydrogen bond to O11 and O12, respectively. The H2a atom of the OW2 molecule also forms a single hydrogen bond to O11, while the H2b atom forms bifurcated hydrogen bonds to O5 and O10. The H13a atom of the OW13 molecule forms bifurcated hydrogen bonds to O10 and OW1 and the H13b atom form a single hydrogen bond to O8.
As stated above, Feger et al. (1999) noted a H site on the center of symmetry at (0, ½, 0) between two O6 atoms at a distance of 1.267 Å from each and forming an unusual O-H-O linkage. Our refinement does not support this. Instead, we have determined there to be a halfoccupied H atom site, just off the center of symmetry. The effective result is a normal hydrogen bond between O6 (which we refer to as OH6) atoms on either side of the center of symmetry. The H atom (H3) bonded to O3 (which we refer to as OH3) was not assigned a hydrogen bond by Feger et al. (1999) . We note that H3 forms a hydrogen bond to O4 at a distance of 1.76 Å. This bond contributes significantly to the BVS of O4. We have obtained a BVS for O4 of 2.11 vu, while Feger et al. (1999) , clearly neglecting the hydrogen bond, reported 1.91 vu. The bond distances and angles involved are listed in Tab. 3 and the bonding is shown in Fig. 7. 
Conclusions
The Te 4+ (tellurite) cation typically forms one-sided coordinations to O atoms, attributable to its stereochemically active 6s 2 lone-electron-pair. For Te 4+ phases that also contain H, the determination of the H atom positions can be essential in confirming the assignments of hydrogen bonds, which significantly contribute to the bond-valence balance. In turn, bond-valence analysis is useful in understanding the role of H atoms in Te 4+ coordinations, and for understanding the linkages within the structure as a whole. The structures of juabite, poughite and rodalquilarite have overall linkage schemes that are quite different, yet all can be considered layer structures in which relatively weak long Te-O and/or Te-Cl bonds are involved in the linkages between layers. In juabite, a long apical Cu-O bond participates in the linkage between layers and, in poughite and rodalquilarite, hydrogen bonding also links the layers. 
